Bat wings are characterized by high endurance, and these mammals have developed a number of adaptations that protect them from falling into obstacles and potential injuries. However, in bat populations, there are individuals with visible fresh or healed injuries to the flight-enabling body parts. The aim of this research was to determine the differences in the occurrence of wing membrane damages among species of bats that differ in ecology and behavior. The study was conducted in southern and western Poland in the years 2000-2016 and included 3,525 individuals of six species: lesser horseshoe bat Rhinolopus hipposideros, Daubenton's bat Myotis daubentonii, Natterer's bat Myotis nattereri, greater mouse-eared bat Myotis myotis, western barbastelle Barbastella barbastellus, and brown long-eared bat Plecotus auritus. In all, 2.9% of the bats studied showed damage to the flight-enabling body parts. Natterer's bat was the species with the highest number of injured individuals (21.74%). The lowest number of injured individuals (0.3%) was found in the brown long-eared bat. The most frequently observed type of damage was loss of an edge of the wing membrane (29.3%). The bat species studied differed significantly in the occurrence and location of flight enabling body parts damages. Certain behavioral and ecological factors like foraging mode, foraging habitats and habitat types of bat species determine the number of wing and tail membrane damages.
Introduction
Bats and birds are the sole extant vertebrates with the ability to fly actively. Bat wings are different from bird wings in terms of their anatomical and morphological features [1] . Bat wings consist of a wing membrane (patagium), which is formed of a highly durable and flexible thin skin [2, 3] . The wing membrane is divided into three parts: propatagium, dactylopatagium, and plagiopatagium. Between the hind legs, there is a tail membrane called uropatagium. The surface area and the strength of the particular parts of the wing differ [3] . a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
The size and the shape of the wings vary, even between closely related species. These qualities determine the maneuverability and the flight speed and thus, the hunting method and the food preferences of the bats [4, 5] . Narrow and long wings are characteristic of species flying fast and over long distances. Short and rounded wings are characteristic of species whose flight is slower but more agile [4] . In addition, the shape and the size of the uropatagium play a significant role during hunting by affecting flight agility and the way prey is captured [6, 7] .
The causes and the types of damage to the flight-enabling body parts in bats have rarely been the subject of comprehensive research [8, 9] . Isolated cases of injuries were recorded, without detailed statistical summaries [7, [10] [11] [12] [13] [14] . Wing injuries, including the wing membrane, may be a result of predator attacks, aggressive behavior of other bats, or mechanical damage caused, for example, by bumping into vegetation, which may explain the thorns found in the wings [8] . The probability of injury occurrence is related to a number of factors, including the feeding method, foraging behavior, type of occupied hideout, and phenological period.
Losses in the wing membrane may also be a result of punching, a popular method of material acquisition, for example, for genetic tests. However, the results of certain studies on punching indicate that the losses of the wing membrane that occur this way heal quickly and do not leave permanent damage [15] [16] [17] . The fact that bats with holes in their wings are found in their natural habitats is used as the evidence of harmlessness of punching on the condition of bats [8, 18] . The injuries to the wings may also be a result of fungal disease like the white nose syndrome (WNS) that causes a greater or lesser necrosis in the wing membrane [19, 20] .
Species of bats differ in terms of, for example, the method of echolocation and the hunting strategy. In our research, we assumed that ecological differences affect the frequency of the incidence of injuries to the wing membranes. We tested the following hypotheses: 1) species differ in terms of the proportion of individuals with damaged wings and tail membrane, 2) ecological differences, like foraging mode, foraging habitat and habitat type, determine the number of damages in wings and tail membrane, 3) foraging mode, habitat type and foraging habitat determine the differences in type and location of damage.
Methods
We conducted this research in the lowland and mountainous areas of western and southern Poland from spring to autumn (excluding the winter hibernation period) in the years 2000-2016, in three different localities. The first was the Nietoperek nature reserve (52˚23 0 22.7@N 15˚29 0 07.4@E), a fortified region from the Second World War period, which is the biggest bat hibernaculum in Central Europe [21] . Observations were conducted in the years 2015-2016, during morphometric studies on three bat species (Daubenton's bat Myotis daubentonii, Naterer's bat Myotis nattereri, and greater mouse-eared bat Myotis myotis). , where observations were conducted during ringing and radio telemetry on the lesser horseshoe bat Rhinolophus hipposideros. The selection of species whose injuries are listed in this work was dictated by the type of research conducted. Bats were caught in mist nets at the entrances or inside their roosts. In all the cases, bats were carefully handled and thoroughly examined. The individuals were marked with a non-durable medical marker on plagiopatagium of right wing, and some were ringed.
For individuals with injuries, the injuries were photo-documented. After taking the photographs, we released the individuals.
On the basis of the observations and the analysis of the photographic material of the damages to the wing membranes, we categorized the damages according to their locations, i.e., the particular part of membrane based on the anatomical division: I-tail membrane (uropatagium), II-wing membrane (plagiopatagium), III-finger membrane (dactylopatagium), IVpropatagium (Fig 1) . The injuries were divided into five groups according to the type of damage (Fig 2) .
Habitat and foraging mode
The application of unequivocal division criteria such as habitat type, foraging mode, and the foraging habitats of bats is challenging, as bats can periodically change both their habitat and their foraging mode [22] . The applied division included the type of habitat that was most often occupied by specific bat species, the corresponding foraging mode, and the corresponding foraging habitat [22, 23] (Fig 3) .
Statistical analysis
We calculated the proportion of individuals with wing injuries in relation to the total number of bats studied and in relation to the number of individuals of each species. We estimated the probability of wing injuries in the studied species. We calculated the percentage of damage to particular parts of the wing and studied for any differences between the considered species in this respect. We calculated the percentage of bats with every type of damage within every examined species.
To test first hypothesis we grouped bats with and without wing and tail membrane damages within every species. We estimated the probability of occurrence of damage in certain species using the analysis of general linear models (GLM) [24] . Before using GLM models every categorical variable was transformed into dichotomous variables, having regard to their value.
We analyzed damages of flight enabling body parts in relation to foraging mode, habitat type and foraging habitat [22, 23] . We distinguished four foraging modes: a) trawling foragers Damage to flight-enabling body parts in bats b) gleaning foragers c) passive gleaning foragers d) aerial hawking (Fig 3) ; three habitat types: a) high cluttering b) uncluttered c) background-cluttering; and two foraging habitat types: a) edge space b) narrow space.
To test second hypothesis we have conducted an analysis using general linear models (GLM) with a logit link function for estimation of the probability of damage occurrence. To test third hypothesis we used Pearson's χ 2 test to establish relation between foraging mode, habitat type and type of damage. For analysis of relations between damages and foraging mode we used only data describing wing membrane and finger membrane (II and III). We omitted other parts because of too little sample. We analyzed data using general linear models (GLM) with a logit link function for estimation of the probability of damage occurrence.
For all the statistical tests, we used the significance level p = 0.05. All statistical analyses were conducted using R program [25] with default packages.
Permits
We conducted the research on species protected by the Polish law on the basis of the derogations from the prohibitions, including the capture and temporary detention for performing the biometric measurements of bats in the area of the Nietoperek nature reserve, permit number WPN-I-6205.50.2015.AI issued by Directorate for Environmental Protection (RDOŚ) in 
Results
The study included 3,525 individuals of six species (S1 Appendix): B. barbastellus-2,376; P. auritus-333; R. hipposideros-130; M. myotis-394; M. daubentonii-200; M. nattereri-92. In all, during the research, we found 105 individuals with various types of damage to wing membranes and wings. Bats with injuries accounted for 2.9% of all the individuals studied. The most common injury was the loss of fragment of the wing and tail membrane (< 1.0%), whereas the damage that occurred the least frequently was the hole in the wing membrane (< 0.5%).
The analysis of the percentage of injuries to the membranes and the wings in the bats showed that the most frequently observed type of damage was loss of an edge of the wing membrane (29.3% of individuals with damages). We also found a high percentage of individuals with a fragment of a wing missing (21.6% of individuals with damages). Injuries classified as holes in wings were the least frequent (15% of individuals with damages) (Fig 4) .
The frequency of occurrence and the locations of the damage to the wing membrane differed significantly among the studied bat species, which supports our first hypothesis. The largest number of injuries was observed in the case of Natterer's bat (21.74% of individuals with damages), Daubenton's bat (17% of individuals with damages), the lesser horseshoe bat (8.46% of individuals with damages), the greater mouse-eared bat (7.42% of individuals with damages), the western barbastelle (0.42% of individuals with damages) and the lowest for the brown long-eared bat (0.3% of individuals with damages). The frequency of each type of damage depends on species (Table 1) .
In terms of the damage location, in the case of Natterer's bat and the western barbastelle, the most common were injuries within the plagiopatagium. In the Daubenton's bat, the greater mouse-eared bat, and the lesser horseshoe bat, the largest number of damages occurred within the dactylopatagium. Injuries to the uropatagium were observed the least often (1 greater mouse-eared bat and 1 lesser horseshoe bat). No injuries to the propatagium were found in any of the studied individuals, irrespective of the species ( Table 2) .
The frequency of damage on wing membrane (II) and finger membrane (III) depends on foraging mode and habitat type of bat species (Table 3) . These damages occurred most frequently in gleaning foragers, passive gleaning foragers and trawler foragers and in uncluttered habitat.
Individuals with a single type of damage represented 89.52% of all the individuals with damages, two types of damages were found in 9.52% of the individuals. Bats with three different injuries were the least numerous (0.95%).
We observed the differences between the injury groups in particular species. All types of damages to the wing membranes and the wings occurred only in greater mouse-eared bats. The largest number of injuries was the losses in the wing and tail membrane (11 of 29 individuals with injuries) (Fig 5) . Losses in an edge of the wing membrane or scarred tears causing a deformation of the wings were most frequently found in Natterer's bats (15 of 20 individuals with injuries). The most common wing injury in the Daubenton's bat was the lack of a fragment of the wing (17 of 34 individuals with injuries). In the horseshoe and western barbastelle bats, wing holes were the most frequently recorded injuries (9 of 11 and 5 of 10 individuals with injuries, respectively).
Foraging mode of bat species determines number of wing and tail membrane damages. Most vulnerable to damages are trawling foragers. There is also a significant relation between number of damages and habitat type used by bat species, which occurred most frequently in bats flying in uncluttered habitat. Condition of wing and tail membrane is also related to type of foraging habitat. In this case, vulnerable to damages were bats foraging in narrow space (Table 1) . These results support our second hypothesis, that ecological differences determine the number of damages of wings and tail membrane.
Differences in occurrence of different type of damage between foraging mode guilds are statistically significant (Pearson's χ 2 test; χ 2 = 62.443, df = 12, p-value = 8.065e-09), which Damage to flight-enabling body parts in bats supports our third hypothesis. In trawling foragers most common type is loss of finger membrane, in gleaning bats and passive gleaning foragers occurs losses of a wing and tail membrane. Aerial hawking bats most frequently have holes of wing ( Fig 6A) . Type of habitat used by bats also determine type of damage (Pearson's χ 2 test; χ 2 = 61.618, df = 8, p-value = 2.242e-10). The biggest variety of damages occur in bats flying in uncluttered habitat (mostly losses of wing and tail membrane). Bats foraging in background-cluttering habitat have mostly bone fractures (Fig 6B) . Choice of foraging habitat is another factor that influences differences in wing damages in bat species. Bats foraging in edge space area have more losses in the wing, tail and finger membranes. Species foraging in narrow space represent similar frequency of wing and tail membrane losses to previous guild and also high proportion of holes in the wings ( Fig  6C) .
Discussion
This is the first study that describes the problem of damages in flight enabling body parts of European bat species. The research results indicated that the number of individuals with damaged wings was not large as compared to the total number of captured bats. In the presented research, bats with damage constituted less than 3% of the individuals. However, in some species, for example, Natterer's bat, injuries to the wings may affect a significant number of individuals.
In bats of the Phyllostomidae family, only 0.6% individuals with damages were recorded [9] . In the case of pallid bats Antrozous pallidus, 41% of the population sustained damage [8] . The high percentage of bats with injures is noteworthy, especially that observations were made during one night only.
In the presented research, we found that the percentage of injuries in the form of holes in the wings was low (0.5%). This contradicted the opinion on the prevalence of such damage [8, 18] . In different phenological periods, the proportion of individuals with holes in the wings is greater. Further, these types of injuries heal quickly [11, 16, 17] . Only two cases of injuries within the uropatagium were found in the present study. Injuries in the tail membrane are very rare [14] . The uropatagium is the most durable part of a wing membrane [3] . This may be a reason that injuries in this part of the wing membrane occur infrequently, in general. At the same time, injuries in this part of the membrane heal even faster than those in the other parts [15, 26] , which could explain the low probability of their identification.
The causes of wing injuries are difficult to determine. Some of the injuries may be caused during foraging. A feature that differentiates the bat species in question is the evolutionary adaptation to the field orientation and the method of echolocation, which also translates into the method of acquiring food [22] and thus, the probability of membrane injuries. Our study showed significant differences in occurrence and location of flight enabling body parts damages among species. This distinction is strongly related to their foraging behavior and ecology.
The lowest number of injuries should occur in Daubenton's bats, who most often hunt over open waters without vegetation, where there are few obstacles. Insects caught over water dominate in their diet [27, 28] . If necessary, Daubenton's bats can change their feeding tactics, for example, they can collect their prey [29] or hunt in the forest and over wet meadows [30] . In the presented study, however, this species had the second highest number of injuries of the dactylopatagium. Some of the wing injuries were reminiscent of a "scissors cut" (Fig 7E) . The most distal phalange segment is also the least mineralized part of the wing [3, [31] [32] [33] . The Damage to flight-enabling body parts in bats flexible tip of the wing may be more susceptible to injuries, for example, in the case of getting hit by or getting caught in fishing lines [34] .
Natterer's bat seems to be the most prone to collisions. It is regarded as a gleaning species. Its diet consists of a number of non-flying arthropods, such as spiders and harvestmen, the capture of whose may involve collisions with obstacles [35] [36] [37] [38] . In our study, Natterer's bat had the highest number of injuries to the plagiopatagium. All injuries in this species were small losses of the wing membrane (Fig 2D) . Natterer's bats have special type of hair at the end of the uropatagium, which may play a significant role during hunting [39] . In a laboratory study most of the capture attempts (62%) involved the tail membrane [36] . They also had similar findings during observations in the field. Natterer's bat brushed the vegetation with its tail membrane [36] . In the presented research, we did not observe any damage to the uropatagium.
The diet of the lesser horseshoe bat and the brown long-eared bat consists mainly of dipterans and lepidoptera [40] and lepidoptera [38] , respectively. The proportion of arthropods collected by gleaning is lower than that collected by other foraging techniques and only complements the diet. Another of the species studied, which collects its prey from the surface, is the greater mouse-eared bat. It had the fewest number of injuries among the three tested Myotis bat species. It chooses forests without undergrowth [41] , where it hunts for ground beetles [42, 43] . It is a species that should have an increased number of injuries, just as Natterer's bat. However, the foraging behavior of the greater mouse-eared bat is based on passive listening [22, 44] . During foraging they fly slowly above ground listening to sounds of their potential prey. This might be the reason for hitting less obstacles. The greater mouse-eared bat is also larger than other species researched in this study. Thus its wings and tail membrane are less dainty. Damage to flight-enabling body parts in bats
The lesser horseshoe bats differ in terms of the method of echolocation from the representatives of the Vespertilionidae family. Lesser horseshoe bats echolocate at very high frequencies [45] within a very small range [46] . Therefore, these bats avoid open spaces and move only among vegetation, trees, and other linear landscape elements [46, 47] . This species, like the barbastelle, feeds mainly in deciduous forests [46, 48, 49] . Despite some similarities in the diet and the selection of feeding grounds, the lesser horseshoe bat suffers injuries to wing membranes much more frequently than the barbastelle, as observed in the present study. However, it may fly more often in the treetops or among groups of trees [50] and is thus more likely to be exposed to potential injuries. During foraging, the western barbastelle bat flies near branches of trees, preferring man-made and natural forest clearings [51, 52] .
In the case of the lesser horseshoe bat, holes in the wing membranes dominated over the other types of the injuries, in contrast to the other species studied. The predominance of this type of injury was also observed in the western barbastelle bat, but it was more than twice as rare as in the lesser horseshoe bat. This finding might be attributed to the different habitat in which both species hunt. Lesser horseshoe bats most often catch their prey with the wings but in more dense habitat than barbastelle bat [23] . They can collide with the obstacles as they hunt. This might explain why the most frequent injury found in this bat species was the damaged plagiopatagium and dactylopatagium.
In spite of the large number of western barbastelle bats examined, the recorded number of individuals with injuries was negligible. The diet of the western barbastelle bats consists mainly of moths and some other invertebrates, including spiders (Araneae) [38, 53] , which is similar to the diet of the brown long-eared bat or the lesser horseshoe bat. However, the western barbastelle bat hunts mainly during flight, farther from vegetation than the two species mentioned earlier; therefore, it is less vulnerable to accidental collisions resulting in cuts in wings.
The lowest number of injuries occurred in the brown long-eared bat, which is characterized by a slow, fluttering but agile flight [54] . The existing literature reports only a few cases of damage to wings and wing membranes in this species [10, 14] . In order to collect its prey from the surface of various objects, the brown long-eared bat often passively listens, without using echolocation skills. Additionally, the brown long-eared bat can catch its prey in an open space. A majority of prey caught this way are moths. The bat catches them with its mouth and less often with the wing membranes [55] . In addition, the brown long-eared bat uses its eyes to a greater extent during foraging for food than the other bat species [30, 56] , which, combined with the agile flight, may improve its ability to detect obstacles and thus avoid injuries.
The determination of the causes of damages to the wing membranes in bats is very difficult. Injuries may result from mechanical injuries, such as hooking on vegetation, for example, thorn shrubs [8] , collisions with a barbed wire [57, 58] , or getting caught up in fishing lines [34] . Damage to the wings can also be caused by sharp objects in the hideouts. These are all kinds of sharp elements such as nails, sharp ridges of metal sheets in attics and in hibernation places, garbage, or improperly performed entrance protections (according to the authors of this article, S2 Appendix). These elements may also pose a threat during the mating season. At the time of swarming, which is often accompanied by the so-called "flight displays", individuals may be less attentive or more willing to take higher risks and thus be more likely to be exposed to wing membrane injuries [59] [60] [61] . Vulnerability for wing damages might be greater in dense habitat, with solid obstacles. The video of small Myotis species swarming in "Nietoperek" reserve (S2 Appendix) showed that bats were flying in damaged staircase, containing rambling metal bars. In the video it is possible to hear sounds of bats' wings flapping on obstacles.
Damage to wing membranes may also be the effect of predation. In Central Europe, the predators hunting for bats are owls: tawny owl Strix aluco [62, 63] , barn owl Tyto alba [64] , and less frequently diurnal predatory birds Corvidae and Paridae [65] [66] [67] [68] . Damage to the wing membranes and wings may also be caused by rodent predation [69] , by another bat's attack ( [70, 71] , own observations), by domestic cats [72, 73] or martes [74] .
Despite their ability to hibernate, bats are exposed to the negative effects of low temperatures, i.e., frostbites. There were also cases of the affected fragments of wings in the common noctule bat Nyctalus noctula (I. Gottfried and T. Gottfried's own observations).
In some cases, the injuries may be followed by secondary infections: bacterial, viral, or fungal [58] . Histopathological analyses suggest that Pseudogymnoascus destructans may cause wing damage [19, 20] . The healing period of the infected wing can then be slowed down [17] . As a result, the injury may have a negative effect on the functioning of the wing, particularly on the efficiency of foraging [13, 19] .
Our results showed that the flight-enabling parts of a bat's body are vulnerable to damage, and the bats themselves are liable to injuries. However, the scale of the injuries varies among species. Differences are related to foraging mode and ecology of species. More vulnerable are gleaning species such as M. nattereri. Other species such as B. barbastellus and P. auritus have few membrane injuries, which can be classified as accidental. A further survey should be conducted to explain whether wing injuries are caused by the hunting strategy and the echolocation type or are simply accidental events. We suggest that more gleaning bat species be investigated. 
Supporting information

